I. Introduction
===============

Liver cirrhosis is a severe terminal pattern of chronic liver disease and is involved in the development of hepatic cell carcinoma or hepatic failure \[[@B29]\]. In liver cirrhosis, chronic inflammation first necrotizes and sloughs off hepatic cells, which are then replaced with a huge amount of accumulated extracellular matrix including type 1 collagen, leading to a disordered hepatic tissue structure accompanied by disordered hepatic function \[[@B5]\]. It is known that the key mediators involved in the pathogenetic process are "myofibroblasts," which were presumed to be derived from hepatic stellate cells (HSCs) residing in the liver and many of the fibroblasts located in the peripheral areas of the hepatic lobules \[[@B40]\]. On the other hand, it is thought that hepatic parenchymal cells, which comprise about 80% of the liver weight, play a role in inducing differentiation of HSCs and fibroblasts to myofibroblasts through release of cytokines such as TNF-α and interleukins \[[@B31], [@B32]\]. It was recently clarified that oxidative stress exerts a cytotoxic action through altering intracellular signal transduction systems \[[@B8], [@B28]\]. Protein kinase C (PKC) is activated by diacylglycerol (DAG), which is a lipid substance derived from phosphatidylinositol 4,5-bisphosphate in plasma membranes, to play a key role in a variety of biological reactions such as cellular proliferation, cytogenesis, cell differentiation and apoptosis \[[@B2], [@B9], [@B15], [@B16], [@B20]\]. PKC is known to be in an activated state in cells and tissues where oxidative stress is increased \[[@B4]\]. Such activated PKC is now appreciated as an aggravating factor for oxidative stress-related diseases including chronic liver disease, hematopoietic malignancy and ischemic cerebrovascular disease \[[@B17], [@B26]\]. Although oxidative stress has been reported to play an essential role in the progression of hepatic fibrosis, its molecular mechanisms remain unclear. PKC is a noteworthy promoter of fibrogenesis of organs and its inhibitor has been reported to effectively suppress hepatic fibrogenesis \[[@B37]\].

We have demonstrated that oxidized DAG (DAG-O(O)H), which is presumably a product of increased oxidative stress, is a potent activator of PKC compared to native un-oxidized DAG \[[@B35]\]. Moreover, we recently reported that an oxidative stress-caused increase in DAG-O(O)H-injured hepatic cells even more severely via activation of the PKC-NF-κB signal transduction system in rats with acute hepatic cell damage induced by a single administration of carbon tetrachloride (CCl~4~) \[[@B36]\]. In the present study, to define DAG-O(O)H's roles in hepatic fibrogenesis brought about by long-term CCl~4~ administration to mice, we studied in detail DAG-O(O)H production occurring in CCl~4~-induced fibrous tissues and the resulting abnormalities of intracellular signal transduction systems.

II. Materials and Methods
=========================

Animals
-------

Male C57BL/6J mice were obtained at 6 weeks of age from CLEA Japan, Inc. (Tokyo, Japan). Animals were injected subcutaneously with 30 μl/25 g CCl~4~ (Wako, Osaka, Japan) dissolved in corn oil (1:4) every 3 days for either 4 or 8 weeks. Mice receiving corn oil alone were used as controls. Liver and plasma were collected from mice under anesthesia and kept at --80°C. Plasma was analyzed for aspartate transaminase (AST) and alanine aminotransferase (ALT) activity (SRL, Tokyo, Japan). All animal experiments were approved by the Animal Experimentation Committee, Isehara campus (Tokai University, Kanagawa, Japan).

Histological and immunohistochemical analyses
---------------------------------------------

Liver tissues were fixed by 10% Mildform 10N (Wako) overnight. Fixed liver tissues were embedded in paraffin and cut into 4 μm sections. Sections were deparaffinized in xylene and rehydrated in a graded series of ethanol. The severity of hepatic fibrosis was assessed by morphometric evaluation of liver slides with Azan staining. Azan staining was performed as described previously \[[@B21]\]. For immunohistochemistry, endogenous peroxidase activities were blocked in 0.3% hydrogen peroxide in methanol for 30 min at room temperature. For immunostaining of 4-hydroxyl-2-nonenal (HNE), sections were boiled in a microwave for 10 min at 98°C in 10 mM sodium citrate (pH 6.0) for antigen retrieval and incubated for blocking in 10% normal goat serum (NGS) blocking buffer for 10 min at room temperature according to a previously reported method \[[@B33]\]. For α-smooth muscle actin (αSMA) and collagen I staining, sections were boiled in an autoclave for 10 min at 121°C in 10 mM sodium citrate (pH 6.0) for antigen retrieval and incubated for blocking in 10% NGS blocking buffer for 30 min at room temperature. For PKC isoform staining, sections were boiled in an autoclave for 10 min at 121°C in 10 mM sodium citrate (pH 8.0) for antigen retrieval and incubated in 10% NGS blocking buffer for 10 min at room temperature. After blocking, sections were incubated with the primary antibodies, HNE (1:50; Mouse IgG, JAICA, Shizuoka, Japan), αSMA (1:100; Rabbit IgG, Abcam, Cambridge, MA, USA), collagen I (1:50; Rabbit IgG, Abcam), and PKCα, βI, βII and δ (1:100; Rabbit IgG, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. After a PBS wash, sections were incubated with secondary antibody using Simple Stain MAX-PO MULTI (Goat IgG F(ab)~2~, Universal immuno-peroxidase polymer, anti-mouse and --rabbit, Nichirei Bioscience Inc., Tokyo, Japan) for 60 min at room temperature. The sections were visualized with 3'3-diaminobenzidine and nuclei were then counterstained with hematoxylin.

Quantitation of DAG-O(O)H contents
----------------------------------

DAG-O(O)H contents were detected by high-performance liquid chromatography (HPLC). This method has been described previously \[[@B36]\]. Liver tissue was homogenized and lipids were extracted in 2-propanol containing 1-palmitoyl-3-arachidoylglycerol hydroxide as an internal standard, 20 mM butylated hydroxytoluene and 200 mM triphenylphosphine. The extract was injected into an octadecylsilyl column in a reverse phase HPLC using methanol as the mobile phase and the corrected DAG-O(O)H fraction injected into the column. The fraction was injected into the normal phase HPLC using hexane/2-propanol as a mobile phase and the corrected DAG-O(O)H fraction was injected. DAG-O(O)H was labeled by pyrene-1-carbonyl cyanide in the presence of quinuclidine and detected by reverse phase HPLC coupled with fluorescence detection (excitation at 330 nm and emission at 405 nm).

Subcellular fractionation
-------------------------

Frozen mouse liver was homogenized by a Potter homogenizer in 1 ml ice-cold homogenization buffer consisting of 25 mM Tris-HCI (pH 7.4), supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA). The homogenate was first centrifuged at 500 g for 5 min at 4°C to remove tissue debris, then at 100,000 g for 60 min at 4°C. The supernatant containing cytosolic PKC was corrected and stored at --80°C. The pellets were resuspended in 1 ml of the above homogenized buffer containing 1% Triton X-100, and the membrane-associated PKC was extracted from the pellets by 5 min of vigorous intermittent vortexing for a total of 30 min on ice. The extract was centrifuged at 100,000 g for 60 min and the supernatant containing membrane-associated PKC was stored at --80°C.

Immunoblotting
--------------

The protein concentration of each sample was measured using a DC protein assay kit (Bio-Rad, Hercules, CA, USA). The samples were heated at 95°C for 5 min and applied to 10% SDS-PAGE gels. Then the separated proteins were transferred to nitrocellulose membranes (Millipore, Billerica, MA, USA). After blocking for 60 min at room temperature with 5% skim milk in phosphate-buffered saline containing 0.05% Tween 20, the membranes were incubated overnight at 4°C with rabbit antibodies against PKCα, βI, βII, δ, ε or ζ (1:800; Rabbit IgG, Santa Cruz), total Erk or phosphorylated Erk (both 1:1000; Rabbit IgG, Cell Signaling), total JNK (1:1000; Rabbit IgG, Cell Signaling) or phosphorylated JNK (1:500; Rabbit IgG, Cell Signaling) followed by incubation with peroxidase conjugated anti-rabbit IgG antibody (1:5000, Goat IgG, Cell Signaling), respectively, at room temperature. Immune complexes were visualized by an enhanced Immobillon detection kit (Millipore). Densitometric analyses were performed using CS analyzer ver. 3.0 software (ATTO Corp., Osaka, Japan).

RNA extracts and quantitative real-time RT-PCR
----------------------------------------------

TRIzol RNA Isolation Reagent (Life Technologies, Gaithersburg, MD) was used for total RNA extraction from mouse liver \[[@B23]\]. Total RNA quantity was determined by an absorption spectrometer. The High Capacity cDNA Archive kit (Applied Biosystems, Foster City, CA, USA) was used for reverse transcription. Real-time RT-PCR was performed using TaqMan Universal PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions, and αSMA, collagen I, IL-1β, IL-6, IL-10, TNF-α, TGF-β and GAPDH were quantified using commercially available kits (TaqMan Gene Expression Assays Mm00725412_s1, Mm00801666_g1, Mm00434228_m1, Mm00446190_m1, Mm00439614_m1, Mm00443258_m1, Mm01178820_m1 and Mm03302249_g1, respectively; Applied Biosystems). These primer sets were designed to span one intron to allow identification of genomic contamination. Target gene results were calculated by delta Ct method (comparing target RNA expression to GAPDH). The reaction protocol consisted of the following cycles: 95°C for 15 min, 95°C for 15 sec and 60°C for 1 min for 50 cycles of PCR amplification on an Opticon 2 System (BioRad). All data were analyzed on an Option monitor 3 (BioRad).

Statistical analysis
--------------------

Values are expressed as means±SD. Differences were analyzed by Student's t-test, and statistical significance was considered when P\<0.05.

III. Results
============

Hepatic tissue damage induced by CCl~4~ administration
------------------------------------------------------

We created animal models of hepatic fibrosis by 4- or 8-week repetitive subcutaneous injections of CCl~4~ in C57BL/6 mice. Hepatic tissue damage effects of CCl~4~ were assessed by measuring blood AST and ALT activities and by morphological observation of H&E-stained hepatic tissues. As shown in Figure [1](#F1){ref-type="fig"}, blood AST and ALT activity levels were significantly elevated in the animal models compared to the control group. Azan stain and an immunohistochemical study of αSMA, a marker of activated HSC, were performed, which revealed that fibers increased in the surrounding areas of the hepatic central veins in the CCl~4~ group and that αSMA stain was strongly positive in these areas, suggesting HSCs being activated.

Changes in the amount of oxidized DAG in the liver of CCl~4~-treated rats
-------------------------------------------------------------------------

Thiobarbituric acid reactive substances (TBARSs) were measured to rate CCl~4~-induced lipid peroxidation. TBARS values were significantly increased in CCl~4~-treated rats compared to the control group ([Fig. 2](#F2){ref-type="fig"}). In addition, we performed an immunohistochemical examination using an antibody against protein modified by HNE. HNE is one of the major final oxidation products of polyunsaturated fatty acids, being used as a marker of lipid peroxidation \[[@B27]\]. Centrilobular regions of the liver were found to have cells positive for HNE-modified protein at 2 hr of CCl~4~ administration and the stain area and stain intensity of these cells increased with time ([Fig. 2](#F2){ref-type="fig"}). HPLC equipped with a fluorescence detector was employed to quantitate oxidized DAG in the mouse liver. As a result, the amount of oxidized DAG was significantly increased in 4- and 8-week CCl~4~-treated groups ([Fig. 2](#F2){ref-type="fig"}).

Changes in intracellular locations of individual PKC isoforms expressed in the mouse liver
------------------------------------------------------------------------------------------

Since PKC is translocated from the cytoplasm to the cellular membrane to be activated through binding with DAG, which is a membrane lipid, PKC translocation to the cell membrane is regarded as an index of its activation \[[@B2]\]. Using ultracentrifugation, we prepared cytosol and membrane fractions from liver homogenates. Antibodies against 6 PKC isoforms, including α, βI, βII, δ. Ε and ζ, were used to examine in detail changes in intracellular locations of these isoforms. Consequently, we found that PKCα, βI, βII and δ had translocated to the membrane fractions, indicating that PKC activation was taking place ([Fig. 3](#F3){ref-type="fig"}). Additionally, immunohistochemical examination of these translocated isoforms disclosed positivity for α and βII molecular species in the membranes of hepatic cells in the surrounding areas of the hepatic central veins while the cytoplasm and membranes of some hepatic cells were strongly positive for βI molecular species ([Fig. 4](#F4){ref-type="fig"}). In addition, the cytoplasm of hepatic cells and the cytoplasm and membranes of non-epithelial cells with small nuclei were positive for PKC δ molecular species ([Fig. 4](#F4){ref-type="fig"}).

Effects on signal transduction systems
--------------------------------------

There are reportedly 3 signal transduction systems that are involved in hepatic fibrogenesis via PKC activation: the first by way of NF-κB activation, the second by way of ERK activation and the third by way of JNK activation \[[@B1], [@B7], [@B19]\]. We therefore studied these 3 systems. We observed the activation state of NF-κB with the immunohistochemical method using an antibody against phosphorylated NF-κB. In our previous report on the liver of the CCl~4~-induced acute hepatitis rat model, NF-κB was phosphorylated, and phosphorylated NF-κB was translocated to the inside of the nuclei \[[@B36]\]. However, in the present study, there was absolutely no translocation of phosphorylated NF-κB to the inside of the nuclei in the livers of long-term CCl~4~-treated mice ([Fig. 5](#F5){ref-type="fig"}). Next, we performed immune-blotting using an antibody against phosphorylated ERK or phosphorylated JNK to see if ERK and JNK, which are downstream signaling factors of PKC, were activated. We found that both ERK and JNK were more phosphorylated and activated in the CCl~4~-treated group ([Fig. 5](#F5){ref-type="fig"}). Since it was reported that JNK activation increased the expression of TNF-α and TIMP-1, we attempted to verify this immunohistochemically. It was demonstrated that TNF-α and TIMP-1 were more abundantly expressed around the hepatic central veins of the CCl~4~-treated group ([Fig. 5](#F5){ref-type="fig"}).

Analysis by quantitative real-time RT-PCR
-----------------------------------------

We measured the amount of mRNA for αSMA, collagen I, TNF-α, TGF-β, IL-1, IL-6 and IL-10 using the quantitative real-time RT-PCR method ([Fig. 6](#F6){ref-type="fig"}). In agreement with the results of the immunohistochemical study, it was confirmed that expression of αSMA and collagen I was remarkably increased in the 8-week CCl~4~-treated group. Furthermore, TNF-α and IL-10, which play an important role in hepatic fibrogenesis, were also significantly increased in this group.

IV. Discussion
==============

The present study aimed to define oxidized DAG's roles in the molecular mechanisms of hepatic fibrogenesis that is induced by long-term administration of CCl~4~. As a result, we clarified for the first time that oxidized DAG in hepatic fibrotic tissues was remarkably increased along with enhanced lipid peroxidation. Moreover, specific PKC molecules, including α, βI, βII and δ among the PKC molecules, targeted by oxidized DAG were activated. Additionally, we found that ERK and JNK, which are downstream molecules of the PKC signal transduction system, were more activated \[[@B1], [@B38]\]. TNF-α and TIMP-1 molecules, which are targets of ERK and JNK, were increased \[[@B22], [@B30], [@B41]\]. On the other hand, genetic expression of αSMA, an activation marker of HSC, as well as collagen I was increased. TNF-α and IL-10, both of which are major players in hepatic fibrogenesis, were significantly increased in the long-term CCl~4~-treated group \[[@B6]\]. The above results strongly suggested that oxidized DAG, which was supposed to be produced by oxidative stress, plays an essential role in hepatic fibrogenesis ([Fig. 7](#F7){ref-type="fig"}).

We have been exploring how lipophilic signal transmitters, if oxidized, are functionally modified \[[@B11], [@B13], [@B35]\]. We demonstrated that an oxidized form of DAG, a kind of lipophilic signal transmitter, is a powerful PKC activator compared to native DAG and that oxidized DAG is equivalent in competence to phorbol ester (PMA), which is a potent PKC activator \[[@B35]\]. It also has been clarified that cultured neuronal cells when exposed to oxidized DAG excessively activate the PKC δ and mitogen-activated PKC signal transduction pathways, leading to their degeneration and death. In addition, it is known that human neutrophils are stimulated by oxidized DAG to enhance phosphorylation of p17 phox, a subunit of NADPH oxidase, and to increase production of superoxide radicals \[[@B14]\].

We reported previously that oxidized DAG was increased in the liver of rats in which oxidative stress was increased by a single CCl~4~ administration \[[@B36]\]. We also showed that PKC/NF κB signals were over-activated with oxidized DAG production to aggravate cell injury \[[@B36]\]. That report was the first to show that oxidized DAG was generated in tissues *in vivo*. The present study showed that oxidized DAG was remarkably increased in the hepatic tissues of a hepatic fibrosis mouse model that was created by long-term repetitive CCl~4~ administration. Yang *et al.* reported that a PKC inhibitor suppressed hepatic fibrogenesis, so it is strongly suggested that oxidized DAG is a key mediator not only in acute hepatic injury but also in chronic liver disease such as hepatic fibrosis \[[@B39]\]. We are now curious about the roles of oxidized DAG and the PKC signal transduction system in the pathogenesis of acute hepatitis and liver cirrhosis in humans.

Hartley *et al.* reported that HNE-modified protein, which is an index of lipid peroxidation, was increased in the central areas of the hepatic lobules as early as at 2 hours of CCl~4~ administration \[[@B10]\]. We also showed that HNE was accumulated in the surrounding areas of the central veins of the hepatic lobules in rats to which CCl~4~ was administered in a single dose \[[@B36]\]. Also, in hepatic tissues of the long-term CCl~4~-treated mice in the present study, there was an increase in HNE in the central areas of the hepatic lobules, which suggested that lipid peroxidation reactions were up-regulated around the central veins of the hepatic lobules and that oxidized DAG was produced in the same sites.

We previously reported the activated state of PKC in hepatic tissues of rats given a single dose of CCl~4~ \[[@B36]\]. In these tissues, PKCα, βI, βII and δ of the PKC molecular species including α, βI, βII, δ, ε and ζ, which are expressed in hepatic tissue, were specifically activated. This was true for long-term CCl~4~-treated mice as well. Hence, it is inferred that these 4 PKC molecular species play a key role in CCl~4~-induced oxidative stress-related tissue injuries. Interestingly, the present study first clarified that there occurred activation of PKCβII, which has been reported to increase the expression of TIMP-1 \[[@B24]\]. Since TIMP-1 inhibits matrix metalloproteinase, fibrogenesis was presumably promoted by increased expression of TIMP-1 \[[@B3]\]. It has been reported that PKCα, βI, δ and ε were translocated to the cell membrane in the liver of mice that were repetitively injected with a 10% CCl~4~ solution \[[@B12]\]. We, however, could not identify activation of ε in the present study. This discrepancy was considered ascribable to a difference in the CCl~4~ dose (30% solution in the present study vs. 10% solution in the study by Jeong *et al.* \[[@B12]\].

Increased expression of cytokines is essential for the progression of CCl~4~-induced hepatic fibrogenesis. The livers of TNF-α receptor knockout mice were reported to be much less injured by CCl~4~ than those of wild type mice \[[@B25], [@B34]\]. Moreover, Varela-Rey *et al.* reported an important role of TGF-β in collagen I production by HSC \[[@B37]\]. Long-term CCl~4~ administration markedly increased expression of TNF-α, TNF-β and IL-10. These molecules, whose expression is controlled by the oxidized DAG-activated PKC signal system, are considered to be involved in hepatic fibrogenesis.

NFκ-B was found to be essential for hepatic tissue injury in rats given a single dose of CCl~4~ \[[@B36]\]. However, no activation of NFκ-B occurred in long-term CCl~4~-treated rats. On the contrary, although no activation of ERK or JNK was observed in hepatic tissues of rats treated with a single dose of CCl4, ERK and JNK activation was evident in mice treated with the agent for a long period.

From these results, it was inferred that long-term CCl~4~ administration increased oxidized DAG and thus activated PKC, leading to activation of transcription factors such as Elk-1 and AP-1 via downstream of the ERK and JNK signal transduction systems \[[@B18]\]. These activated transcription factors in turn were considered to increase the expression of TIMP-1 and TNF-α, thus suppressing degradation of the extracellular matrix with HSC activation. These processes were considered to promote hepatic fibrogenesis ([Fig. 7](#F7){ref-type="fig"}).
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![Liver fibrosis was induced by carbon tetrachloride (CCl~4~) administration. (**A**) Plasma aspartate transaminase (AST) and alanine aminotransferase (ALT) activity were elevated by CCl~4~ treatment for 4 weeks and 8 weeks. (**B**) Collagen was stained by Azan stain (upper panel). Active hepatic stellate cells (HSCs) were detected by immunohistochemical staining with the anti-αSMA antibody (bottom panel). CV, central vein. Bar=200 μm.](AHC14030f01){#F1}

![Lipid peroxide and diacylglycerol peroxide (DAG-O(O)H) contents were increased by CCl~4~ administration. (**A**) Thiobarbituric acid reactive substance (TBARS) content was increased in liver tissue of CCl~4~-treated mice. (**B**) DAG-O(O)H was quantitated by HPLC. DAG-O(O)H was increased by CCl~4~ treatment for 4 weeks and 8 weeks. (**C**) Immunohistochemical staining of 4-hydroxy-2-nonenal (HNE) was observed around the central vein of liver sections of CCl~4~-treated mice. Bar=200 μm.](AHC14030f02){#F2}

![Mouse livers were homogenized and fractionated into cytosol and membrane fractions. Unfractionated homogenate (whole), cytosol fraction, and membrane fraction were analyzed by immunoblotting using an isoform-specific PKC antibody.](AHC14030f03){#F3}

![Immunohistochemistry of PKCα, βI, βII and δ. Liver sections were stained with anti-PKCα (**A, B**), anti-PKCβI (**C, D**), anti-PKCβII (**E, F**) and PKCδ (**G, H**). Bar=200 μm.](AHC14030f04){#F4}

![Long-term CCl~4~ treatment induced phosphorylation of Erk and JNK and up-regulated TNF-α and TIMP-1. (**A**) Immunoblotting analysis with anti-phospho-Erk antibody or anti-phospho-JNK antibody. (**B**) Densitometric analysis of the immunoblotting. Each bar represents the mean±SD for 3 mice. \*P\<0.05 compared with control. Immunohistochemical studies of NFκ-B (**D, E, F**), TNF-α (**G, H, I**) and TIMP-1 (**J, K, L**). Bar=200 μm.](AHC14030f05){#F5}

![Quantitative real time RT-PCR analysis of mRNA expression of collagen I, αSMA and cytokines. (**A**) αSMA, (**B**) collagen I, (**C**) TNF-α, (**D**) TGF-β, (**E**) IL-1β, (**F**) IL-6 and (**G**) IL-10 were analyzed by quantitative real-time RT-PCR. \*P\<0.05 compared with control.](AHC14030f06){#F6}

![Proposed model of oxidized diacylglycerol (DAG-O(O)H)-induced liver fibrosis. CCl~4~ is metabolized by the P450 system to give trichloromethyl radical (・CCl~3~). The ・CCl~3~ might attack membrane lipid to initiate lipid peroxidation, causing DAG-O(O)H production. DAG-O(O)H induced activation of PKCs and the phosphorylation of Erk and JNK, which may increase TNF-α and TIMP-1 expression.](AHC14030f07){#F7}
